A water model study was undertaken to investigate bubble dispersion and inclusions removal by bubble adhesion in continuous casting mold. The water flow rate was varied in the range of 37-74 L/min, which is equivalent to 1.0-2.0 m/min of the casting speed in continuous casting process. The gas flow rate was varied in the range of 0-2.5 L/min. Silver coated hollow glass beads (SCHG) and plastic particles were used to imitate the inclusions and to investigate the effect of wettability, i.e., contact angle of the inclusions with liquid, on inclusion removal by bubble adhesion. Effect of gas and water flow rates on bubble dispersion in the mold was systematically determined. Inclusion removal at different gas and water flow rates was quantitatively determined. It was identified that the wettability of inclusions with liquid was a decisive factor in inclusion removal: with low wettability, i.e., high contact angle, removal efficiency increased with increasing gas and liquid flow rates, whereas removal efficiency was hardly affected by gas flow rate with high wettability, i.e., low contact angle.
Introduction
In continuous casting process, it has been a common practice to inject inert gases into molten metals. The objective of the gas injection includes prevention of nozzle clogging, and removal of inclusions and impurities from molten metals. A number of works have been done in respect of bubbles dispersion in the continuous casting system. Thomas et al. [1] [2] [3] have shown the effect of bubble injection on the flow pattern by computational simulation and reviewed several different multi-phase models in continuous casting mold system. Kubo et al. 4, 5) have demonstrated through computational simulation from different multiphase models, discrete phase model and two-phase model, and it is compared with plant data of continuous casting mold. Wang et al. 6) and Cho et al. 7) have observed bubbles dispersion in a submerged entry nozzle through a cold model study and measured removal rate of inclusions. In respect of bubble-inclusion attachment models, several works have been done by Sutherland, 8) Frisvold, 9) Wang 10) and others. [11] [12] [13] Although there are several models reported in the literature on bubbles dispersion and bubble-inclusion attachment, these models have not been thoroughly validated either by water model or by other experimental methods in the continuous casting system. The aim of the present work is to develop models to represent bubbles dispersion and bubble-inclusion attachment in the continuous casting system by employing the water and CFD model studies.
Experimental

Bubble Dispersion in Mold
The schematic diagram of the experimental apparatus employed in the present water-model study is shown in Fig.  1 . A rectangular tank of 15ϫ30ϫ50 cm in size contains water. A nozzle of 5.6 cm in diameter is attached to the wall 8 cm below the meniscus. A motor is installed underneath the tank for water circulation. To make a high turbulent fluid, pseudo-sliding-gate system was used on the nozzle (2) with opening rate of 38 %. The apparatus was operated according to the following sequence: (a) First, the water tank (1) is filled with water, and the water valve (4) and the gas valve (5) are adjusted to a desired level. (b) After fluid and bubble flow reached a steady state, the bubble flow pattern was investigated and recorded by a high speed camera with 1 000 frames per second through the observation window (10) . (c) Through image analysis method, effects of the water and gas flow rates on the bubble size and bubble flow pattern were investigated. Three different gas flow rates were employed in the present study; that is, 0, 1.7 and 2.5 L/min, and also three different water circulation rates were used, i.e., 37, 56 and 74 L/min to simulate the steel casting speed of 1.0, 1.5 and 2.0 m/min, respectively.
Inclusion Removal
The apparatus and operation condition are the same as that for the bubble dispersion experiment. The apparatus was operated according to the following sequence: (a) First, the water tank (1) is filled with water, and the water valve (4) and the gas valve (5) are adjusted to a desired level. (b) To realize an overflow condition to help floated particles be removed from the top free surface, a small amount of water (225 mL/min) is kept flowing through the water valve (7). (c) Then a predetermined amount (4 g) of silver coated hollow glass beads (SCHG) or plastic particles were mixed with 50 mL water in a syringe and stirred using an ultrasonic stirrer to make sure the particles were thoroughly mixed. (d) The particle-water mixtures were then injected near the centerline at the bottom of the water tank. (e) A portion of the particles were attached to bubbles and floated up to the surface of water.
(f ) The floated particles were gathered to the sampling beaker through the overflow water canal (9) , and the weight of collected particles were measured after each experiment. Plastic particles used in the present study are plastic resin with the mean diameter of 32 mm, the density of 1.44 g/cm 3 and the contact angle with water of 110°. SCHG are 37 mm in diameter glass particles coated with silver, and the density is 0.465 g/cm 3 and the contact angle with water is 40°.
14)
The condition of the experiment and the property of the particles are given in Tables 1 and 2. 3. Results and Discussion
Bubble Dispersion in Mold
Results of Water Model Study
The distributions of gas and bubble sizes are shown in Fig. 2 . Rectangular frame, i.e. observation window, was set 3.5 cm below meniscus. The pictures of bubble flow were taken using a high speed camera with 1 000 fames per second, and the distribution and size of bubbles were measured through the image analyzing method.
It is seen in Fig. 2 that, as the water circulation rate is increased at a given gas flow rate, bubbles spread into the mold more widely (Figs. 2(a)-2(c) ). At the lower water circulation rate, bubbles tend to float up just in front of the nozzle ( Fig. 2(a) ), but at the large water circulation rate, bubbles penetrates into the water and some of them reaches even the opposite side of the wall (Fig. 2(c) ). In the case that the gas flow rate is increased at a given water flow rate, most of the bubbles tend to reach the center of the mold and some of them spread into the lower side of the mold (Fig.  2(d) ). Distribution of the bubble diameter is seen to depend on the gas and water flow rates: The mean bubble diameter decreases with increasing the water circulation rate. It should be noted that large bubbles near the nozzle shown in Fig. 2(d) are in fact aggregates of many small bubbles and these bubble size data from water model results were used in CFD calculation.
CFD Models
A finite-volume-based numerical model has been used to simulate the 3-D bubble-liquid flow. The plane symmetry is assumed, and hence only half of the water tank is modeled. Various mesh sizes were examined to find an optimum one with the same boundary and initial conditions. Computational results of bubble distribution and fluid flow pattern for three different mesh sizes, namely, 30ϫ10ϫ46, 50ϫ13ϫ46 and 60ϫ16ϫ55 nodes, are given in Fig. 3 . It is seen that the difference in bubble distribution and fluid flow pattern is not large among the three different conditions. Most of the bubbles float up before the 1/3 position from the nozzle, while some of them reach the 2/3 position from the nozzle. As a result, the grid of 50ϫ13ϫ46 nodes was chosen for the subsequent computations in view of computational accuracy and time load. Figure 4 illustrates the grid of 50ϫ13ϫ46 nodes.
The incompressible Alternating-Direction-Implicit (SADI) method 15) is adopted for the pressure solution in the governing equations, and explicit viscous algorithm 15) is employed to achieve more accurate result.
The time interval is about 10 Ϫ3 s in the present study, which was determined with consideration of the stability condition of the CFD software employed (Flow3D).
Standard Drag Coefficient Model
Two different methods may be applicable to simulate interaction of particles or bubbles; these are the EulerianEulerian and Langrangian-Eulerian methods. The former method is generally known as the two-fluid formulation, in which the liquid and gas phases are treated as two different continuous fields. 16) Two sets of conservation equations for mass and momentum are solved for the liquid and gas phases, respectively. The momentum exchange between the phases may usually be represented by source terms in conservation equations.
The Langrangian-Eulerian method treats the liquid phase as in an Eulerian frame and the gas bubbles as rigid particles. The Newton's second law of motion is solved for particle (bubble) trajectory. And the continuity and momentum conservation equations are solved for liquid flow. These equations are widely used in bubble simulation. When the gas volume fraction is less than about 10 % and bubble size distribution is set, the LangrangianEulerian method can be chosen for the reason of a light computational load. 5) In the present study, all the models including the standard drag coefficient model, are derived from Langrangian-Eulerian method.
The standard drag coefficient model has widely been used to interpret the bubble-liquid interaction, and the model can best be represented by the following equations [15] [16] [17] . Fig. 2 , which is the results of the water model study, it is noticed that the distribution of bubbles by the model calculation shows a much faster flotation than the water model results show. This discrepancy is due to the fact that the effect of turbulence on the bubble movement is neglected in this model. In laminar fluid condition, turbulence is only due to the large difference of velocity between fluid and bubble. But in turbulent fluid condition, even at small difference of velocity between fluid and bubble, there is a high turbulent effect on bubble movement. In turbulent flow conditions, the drag coefficient between a particle and the fluid can be widely different from that in the laminar flow condition.
Brucato Model and Shimasaki Model
There has been only few studies reported on the effect of turbulence on the drag coefficient of a particle.
Brucato et al. 18) and Shimasaki et al. 19) examined experimentally the particle behavior in a turbulent condition, and found empirical relationships between the drag coefficient (C D ) and turbulent variable, based on Kolomogorov's smallest eddy length (l). 18, 19) The empirical equations they proposed will be referred to as Brucato model and Shimasaki model, respectively. (6) where n is kinematic viscosity, C 0 D is drag coefficient in standard drag coefficient model and e turbulent energy dissipation rate.
The above two models were applied to the present experimental conditions and the results are shown in Figs. 6 and 7. In the case of the Brucato model, overall distribution is similar to the water model results. But, large bubbles, simulated by small red dots, are spread out more widely into the mold than the water model results shown in Fig. 2 . In the case of the Shimasaki model, the results are much the same as the standard drag coefficient model. The disagreements shown in the above is due to the fact that these models were originally developed for a relatively low turbulent condition as shown in Eqs. (3) and (4) . In the present water model studies which simulate the condition of steel continuous casting, the range of Re is from 70 to 2 000, much higher than the range in calculation.
Effective Reynolds Number Model
Because there is no particle trajectory model available for high Re turbulent conditions, it is attempted to develop a new model which can represent the particle trajectory in high turbulent conditions which prevail in the steel continuous casting system.
The drag coefficient is generally expressed as a function of Reynolds number (Re) as given in Eqs. (3) and (4). It should be noted that the viscosity term used in Eq. (4) for Re is the molecular viscosity. In a turbulent flow condition, however, Reynolds stress changes the drag force on the surface of particles and bubbles, and hence an effective viscosity which includes the effect of the turbulent flow condition should be used in place of the molecular viscosity in the Reynolds number expression in Eq. (4). The effective viscosity may be derived by considering the Navier-Stokes equation together with the turbulent condition. In this case, a stress term which is called Reynolds stress is added to the Navier-Stokes equation. 20, 21) From the Reynolds stress, the turbulent viscosity is derived.
21) The effective viscosity is then expressed as the sum of the molecular viscosity and the turbulent viscosity (i.e. eddy viscosity). 20, 21) This is shown mathematically in the following: 9) where m eff is the effective viscosity, m m is the molecular viscosity, m t is the turbulent viscosity and upperbar means time smoothed.
When the viscosity term in the Reynolds number expression in Eq. (5) is replaced by the effective viscosity given . , Fig. 2 , it can be seen that this new model well represents the bubble dispersion in the present experimental conditions. At small water circulation rate (Figs. 2(c) and  8(c) ), bubbles float up in front of the nozzle, but at large water circulation rate (Figs. 2(d) and 8(d) ), bubbles travel far inside even to reach the opposite side of the wall. In the case of increased gas flow rate (Figs. 2(b) and 8(b) ), most of the bubbles reached the center of mold and some of them spread into lower-side of the mold.
In addition to good agreement with experimental results, the effective Re model has theoretical base of turbulence calculation on eddy stress concept from Navier-Stokes equation. The model based on theory has a possibility to be applicable to much wider range of condition than the model based on empirical relationship.
Inclusion Removal
Results of Water Model Study
The removal rates of silver coated hollow glass beads (SCHG) with various gas flow rates, i.e., 0, 1.7 and 2.5 L/min at a fixed water circulation rate of 56 L/min are shown in Fig. 9 . It is remarkable to notice that the removal rate of particles is the same for all gas flow rates, meaning that the removal rate is independent of the gas flow rate. The results actually mean that gas bubbles do not help particles float up to the surface. As can be seen in Figs. 2(a) and 2(b), fine bubbles are widely spread in the upper part of the mold with the gas flow rate of 1.7 and 2.5 L/min, but these bubbles hardly exert any positive influence in particle flotation. This result is partly attributed to the fact that particles which are SCHG have the contact angle with water of 40°(see Table 2 ) and this low contact angle makes attachment of the particles to the bubbles difficult. Without attachment, the bubbles will not be able to function as a carrying vehicle of inclusions to the surface. The results that the particle removal rate is the same for both without the gas flow and with gas flow tends to mean that the gas bubble flow in the range employed in the present study may not influence the water flow pattern in the mold to any significant extent.
It is now concluded that the gas flow into the mold which generates fine gas bubbles do not help flotation of particles of a low contact angle.
Next, a series of experiments were carried out with plastic particles which have a high contact angle (110°), and the results are given in Fig. 10 . It is seen that, contrary to the previous case with low contact angle glass beads, the removal rate of particles increases with increasing the gas flow rate. The removal rate with gas flow is much faster than that without gas flow. This proves that the gas bubbles do function as a carrying vehicle of the particles. Owing to the high contact angle, the plastic particles attach themselves to bubbles with ease, and hence float up to the surface at a higher rate. In fact the plastic particles used in the present study are actually heavier than water (densityϭ1.44 g/cm 3 ; see Table 2 ), and hence they have a natural tendency to sink down rather than to float up. According to Stokes' law, the velocity of particles in quiescent water is 3.99ϫ 10 Ϫ4 m/s upward for the SCHG and 2.45ϫ10 Ϫ4 m/s downward for plastic particles. Nevertheless the removal rate without gas flow is very much the same for the two different materials as seen in Fig. 11 . This implies that bulk flow of liquid in the mold governs the flotation of particles and the Stokes' flotation has a negligible influence on the particle flotation.
The removal rates of plastic particles with various water circulation rates at a fixed gas flow rate are shown in Fig.  12 . With increasing circulation rates from 37 to 74 L/min, the removal rates also slightly increased from 46 to 52.3 %. From Figs. 10 and 12 , it is noticed that the removal rates are similar to one another when there is gas bubbling. From this fact, the removal by bubble-particle attachment is not sensitive to gas flow rate or water flow rate. To explain these phenomena, various CFD models were used. 
CFD Models
Inclusion removal in continuous casting mold system has two different mechanisms, flotation by density difference and bubble-inclusion attachment. In present calculation, the surface flotation model was used for flotation by density difference, and 4 different models were used for bubble-inclusion attachment calculation. For the calculation of bubble-inclusion attachment, the effective Re model was used to simulate bubbles dispersion in continuous casting mold. The other calculation conditions were equivalent to previous Sec. 3.1.2.
Surface Flotation Model
Inclusions can be removed by flotation which occurs due to density difference between the inclusions and molten steel. The surface flotation model assumes that inclusions float up to the top surface, and are instantly removed as soon as they touch the top surface.
In the present experimental study, inclusions (particles) are subject to experiencing two different kinds of upward force; one is the buoyancy force due to the density difference and the other is the bulk movement due to the overflow induced by addition of a small amount of water. However, the former one is negligibly small in comparison with the bulk movement due to the overflow in present study. (11) where u is the flotation velocity by Stokes' law, C D is the drag coefficient, r f is the density of fluid, r p is the density of particle, D is the diameter of particle, g is the acceleration of gravity, n is kinematic viscosity.
Sutherland Model
Sutherland 8, 22, 23) suggested an interaction model which was derived from the stream function (y) for potential flow around spheres. Since it assumes a potential flow condition, this function is suited for conditions where the Re number is very high. (13) where r B is the radius of bubble, r P is the radius of particle i.e. inclusion.
The Sutherland model overestimates the bubble-particle attachment probability and removal rates are oversensitive to gas and water flow rate as seen in Fig. 13 . This overestimation is attributed to the fact that the stream function used in Sutherland model is applicable to potential fluid condition.
Frisvold Model
Frisvold et al. 9) suggested the probability of collision at low Re condition. In this model, the boundary layer around the collector is taken into consideration. By considering the boundary layer, the probability is reduced compared to the Sutherland model. ..... (14) where r B is the radius of bubble, r P is the radius particle, Re is the Reynolds number of bubble.
In Fig. 14, removal rates by the Frisvold model are oversensitive to gas and water flow rate similar to the Sutherland model. The difference of removal rate with varying water circulation rate is much greater than water model results.
Wang Model
In the paper of Wang et al., 10 ) the probability of attachment between an inclusion and a bubble is calculated. The overall probability for an inclusion to attach to bubble is described as the product of collision and adhesion probability. PϭP C P A .............................. . (15) Where P C , P A and P represent the probability of collision, adhesion and attachment, respectively. The probability of collision is defined as the chance that an particle will collide with a bubble, which is calculated based on stream function made by Yoon et al. 10, 22) in present model. The probability of adhesion is defined as the probability of adhesion after collision, which is calculated based on Schulze's film drainage time (t F ) theory. 22, 24) Depending on the sliding conditions, there are two limiting cases, plane and point contact cases. But in this present study, the probability of adhesion is near to 1.0. Hence the overall removal rate is mainly depending on the probability of collisions made by Yoon et al. 18, 22) ... (16) ..... (17) where u* is the velocity of particle divided by that of bubble, r* is the radius of particle divided by that of bubble, Re is the Reynolds number of bubble.
In Fig. 15 , the results of the Wang model are similar as that of the Frisvold model. The difference of removal rate with varying water circulation rate is much greater than water model results. This discrepancy is considered to be due to overestimation of the effect of bubble and inclusion size ratio on the attachment probability (Eqs. (13), (14) and (16)). Particle size is fixed and Bubble size distribution varying gas and water flow rates are shown in Fig. 2 . With increasing water circulation rates, mean bubble diameter decreased. On that account, it is seen that probability of collision in small bubbles is overestimated and probability in large bubbles is underestimated in the Frisvold, Wang and Sutherland models.
Force Field Model
None of above models was able to represent the experimental results within an acceptable discrepancy. A new CFD model, which employed force field concept around the bubble, was developed to simulate inclusion removal by bubble attachment.
In the most of bubble-inclusion models, the size ratio of bubble to particle (inclusion) is considered important. In these models, it was assumed that inclusion followed the streamline around the bubble, and collision happened when particle contacted bubble surface. In the Frisvold model (Eq. (14)), 1 mm diameter particles with 10 mm diameter bubbles have 100 times greater probability of collision than 10 mm diameter particles with same bubble size and same Re condition. But if there is the force field around the bubble, both particles have same probability of collision with the bubble, because it is assumed that collision happened when particle entered the force field around particle regardless of particle size. In present study, a new bubble-inclusion attachment model is proposed based on force field around the bubble.
In the observation of particles on the molten steel by confocal scanning laser microscopy, 25) particles form agglomerates that attract other particles. By the analysis of inter-particle distance as a function of time, the working distance of attractive force is about 45 mm. With this force field concept, attractive force between bubble and particle is taken into consideration. In present study, the force field model was proposed by combining the above-mentioned concept and Frisvold model. 9) In the results of Frisvold model 9) (Fig. 14) , the calculation results are similar with the experimental results at 1.7 and 2.5 L/min gas flow rate at 56 L/min water flow condition. In these cases, the average diameter of bubbles is 3.01 mm (Figs. 2(a) and 2(b) ) and the average diameter of plastic particles is 32 mm ( Table 2 ). In present study, the working distance of force field is assumed to be 1/94 (ϭ32 mm/3.01 mm) times of bubble radius. (18) where r B is the radius of bubble, r P is the radius particle, Re is the Reynolds number of bubble.
The results of the force field model are shown in Fig. 16 . When compared with the water model results it is seen that this new model represents well the bubble-inclusion removal in the present experimental conditions, except 37 and 56 L/min water flow at 1.7 L/min gas. The removal rate is slightly reversed. It is seen to be due to numerical error in calculation.
The results of the force field model are not sensitive to water or gas flow rates, which are well agreed with the results of the water model experiment. The main characteristic difference of this model from the Frisvold model is that the size ratio of bubble and particle is ignored by the force field concept. From these facts, it is noticed that the ratio of bubble and inclusion is not important to bubble-inclusion attachment in continuous casting system.
Conclusion
To observe and analyze the bubble dispersion with varying gas and water flow rate in continuous casting system, the water model experiments and the CFD calculation based on various turbulent-particle drag coefficient models have been carried. In present study, 4 different kinds of the CFD model are used. The comparison between CFD calculation and water model result has shown the followings. (a) In the standard drag coefficient model, [15] [16] [17] which is the most popular model to be used, bubbles floated up very fast than water model results. It shows drag coefficient is underestimated in this model. (b) In the Brucato 18) model and Shimasaki 19) model, which is the empirical relationship for low Re condition, bubbles dispersion did not agree with experimental results, especially when bubble was very large. (c) In the effective Re model, the predictions showed agreement with the results of water model experiment. And, this model has theoretical base of turbulence calculation on eddy stress concept from Navier-Stokes equation. To observe and analyze the particle (inclusion) removal, the water model experiment and the CFD calculation have been carried with varying gas and water flow rate. The results have shown the followings. (a) The particle density did not have significant effect on particle removal rate in water circulating system. And when particles had low contact angle with water, bubble did not affect particle removal rate. (b) In the Frisvold 9) and Wang 10) models, removal rates were oversensitive to gas and water flow rate as the Sutherland mode. l8, 22, 23) (c) In the force field model, the prediction agreed with the result of water model. From this fact, it is noticed that the bubble-inclusion attachment is independent of the size ratio of bubble and inclusion in continuous casting system. The effective Re and the force field model are proposed in present study. It is seen that it is possible to simulate bubble dispersion and particle (inclusion) attachment in continuous casting mold system with these models.
